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TITLE OF THE INVNETION 
COMPOUND SEMICONDUCTOR DEVICE 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to a compound 
semiconductor device and, more particularly, a 
compound semiconductor device having a MESFET. 

2. Description of the Prior Art 

It is known that, since InGaAs has the large 
electron mobility, such InGaAs is employed as the 
channel layer of the MESFET (Metal Semiconductor 
FET) . 

The MESFET having the InGaAs channel layer has 
the structure shown in FIG.1A, for example. 

In FIG.1A, a GaAs buffer layer 102, an n- InGaAs 
channel layer 103, and a GaAs barrier layer 104 are 
formed on a semi -insulating GaAs substrate 101, and 
a gate electrode 105 is formed on the GaAs barrier 
layer 104. The gate electrode 105 comes into 
Schottky-contact with the GaAs barrier layer 104. 

Also, a source region 106 and a drain region 107 
as high impurity concentration regions are formed in 
the GaAs barrier layer 104 on both sides of the gate 
electrode 105. A source electrode 108 and a drain 
electrode 109 are formed on the source region 106 
and the drain region 107 to come into ohmic-contact 



with them respectively. 

It is normal to grow InGaAs constituting the 
channel layer 103 without change in the conditions. 
An indium (In) composition ratio is constant along 
the layer thickness direction, as shown in FIG. IB. 
Various improvements are applied to the MESFET 
having such InGaAs channel layer. For example, the 
MESFET having the structure in which the impurity 
doped InGaAs channel layer is sandwiched between 
graded InGaAs layers, or the structure that has the 
InGaAs channel layer having the thickness smaller 
than the critical thickness is known. Where the 
graded InGaAs layer means that the In composition 
ratio is changed in the layer thickness direction. 

In this manner, the MESFET having the structure, 
in which the InGaAs channel layer is sandwiched 
between the graded InGaAs layers, is set forth in 
Patent Application Publication (KOKAI) Hei 9-321061, 
Patent Application Publication (KOKAI) Hei 4-326734, 
and Patent Application Publication (KOKAI) Hei 4- 
251941, for example. In Patent Application 

Publication (KOKAI) Hei 4-251941, the planar doping 
is applied to the InGaAs channel layer. 

Also, the MESFET having the structure, which has 
the InGaAs channel layer having the thickness 
smaller than the critical thickness, is set forth in 
Patent Application Publication (KOKAI) Sho 63-272080, 
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and Patent Application Publication (KOKOKU) Hei 6- 

71011, for example. 

By the way, when a relationship between a gate 
voltage and a mutual conductance of the MESFET 
having the above structure in the prior art is 
examined, the MESFET exhibits such a characteristic 
that, as shown in FIG. 2, the mutual conductance (g ra ) 
is changed very steeply as a function of gate 
voltage (V g ) . Accordingly, the mutual conductance 
(g m ) is ready to change due to the fluctuation of the 
gate voltage or the reduction in the gate voltage 
and thus the FET characteristic becomes worse. 

In addition, if the GaAs barrier layer 104 shown 
in FIG.1A is undoped, a source resistance is 
increased and the maximum mutual conductance (gmmax) 
is not increased. 

Since the mutual conductance has an influence on 
the gain and the maximum oscillation frequency of 
the MESFET, normally the larger one is preferable. 



SUMMARY OF THE INVENTION 

It is an object of the present invention to 
provide a compound semiconductor device having the 
MESFET that raises the maximum mutual conductance 
and changes the mutual conductance as a function of 
the gate voltage gently, not to sacrifice the 
transistor characteristics. 



According to the present invention, the ternary 
or quaternary compound semiconductor layer, in which 
the inside of the energy band gap is smaller than 
the edge of that by setting the peak of the mixed- 
crystal ratio of one constituent element in the 
inside of the layer, is employed as constituent 
element of the channel layer into which the impurity 
is doped. 

According to this, the peak of the carrier 
density distribution is set to position into the 
inside not the surface of the channel layer. 
Therefore, even if the fluctuation of the gate 
voltage, the reduction of the gate voltage, etc. is 
caused, the steep increase/decrease of the carrier 
density in the channel layer is suppressed and also 
the mutual conductance that is higher and more 
stable than the prior art is obtained. The carrier 
density distribution is changed by adjusting not 
only the mixed- crystal ratio of the constituent 
element in the channel layer but also the dosage 
distribution of the impurity in the channel layer. 

Also, since the mixed-crystal ratio distribution 
of the above element contained in the graded channel 
layer is gradually and continuously changed like the 
parabolic profile, for example, crystal distortion 
is relaxed and thus the high electron mobility is 
assured in the channel layer. Also, the carrier 



density to get the sufficient current amount is 
assured. In addition, since the impurity is doped 
into the channel layer, the increase of the source 
resistance is suppressed and also the maximum value 
of the mutual conductance is increased higher. 

Also, the peak of the carrier density 
distribution in the channel layer is shifted toward 
the substrate side from the center of the thickness 
of the channel layer. Therefore, the distance 
between the depletion layer generated in the barrier 
layer on the channel layer and the peak of the 
carrier density distribution is optimized to improve 
the breakdown voltage characteristic under the gate 
electrode . 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG.1A is a sectional view showing a structure 
of the MESFET in the prior art, and FIG. IB is a view 
showing an indium distribution in a group III-V 
semiconductor layer constituting the MESFET in 
FIG. 1A; 

FIG. 2 is a view showing a relationship between a 
gate voltage and a mutual conductance of the MESFET 
in the prior art; 

FIG. 3 is a sectional view showing a MESFET 
according to a first embodiment of the present 
invention; 
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ABSTRACT OF THE DISCLOSURE 

There is provided a compound semiconductor 
device that comprises a substrate formed of a first 
compound semiconductor, a graded channel layer 
formed on the substrate and formed of a second 
compound semiconductor layer, that lowers mostly an 
energy band gap in its inside by continuously 
changing a mixed- crystal ratio in a thickness 
direction such that a peak of the mixed- crystal 
ratio of one constituent element is positioned in 
its inside, and containing an impurity, a barrier 
layer formed on the graded channel layer, a gate 
electrode formed on the barrier layer, and 
source/drain electrodes for flowing a current into 
the graded channel layer. Accordingly, the compound 
semiconductor device having MESFET, that has the 
maximum mutual conductance and can make the change 
in the mutual conductance gentle in response to the 
gate voltage, can be obtained. 
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FIG.4A is a view showing an indium distribution 
in an InGaAs layer constituting a channel layer of 
the MESFET according to the first embodiment of the 
present invention, and FIG.4B shows an example of a 
band gap of the InGaAs layer having such indium 
distribution; 

FIG. 5 is a view showing a distribution of an 
impurity concentration doped into the channel layer 
of the MESFET according to the first embodiment of 
the present invention; 

FIG. 6 is a view showing relationships between 
the gate voltage and the mutual conductance of the 
MESFET according to the first embodiment of the 
present invention and the MESFET in the prior art 
respectively; 

FIG. 7 is a view showing a relationship between 
the gate voltage and a gate current in the MESFET 
according to the first embodiment of the present 
invention; and 

FIG. 8 is a sectional view showing a MESFET 
according to a second embodiment of the present 
invention . 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Embodiments of the present invention will be 
explained with reference to the accompanying 
drawings hereinafter. 



(First Embodiment) 

FIG. 3 is a sectional view showing a MESFET 
according to a first embodiment of the present 
invention . 

In FIG. 3, an undoped buffer layer 2 of GaAs is 
formed on a semi -insulating GaAs substrate 1 to have 
a thickness of 1 Mm, for example. 

Also, a graded channel layer 3 formed of a 
In x Ga!- x As layer, into which an n-type impurity (e.g., 
silicon) is doped, is formed on the buffer layer 2 
to have a thickness of 15 to 30 nm, for example. In 
this In x Gax_ x As layer constituting the graded channel 
layer 3, an In composition ratio x is changed in the 
graded manner along the film thickness direction, as 
shown in FIG.4A. This graded channel layer 3 acts 
as a distortion layer for the buffer layer and a 
barrier layer 4, described later. 

The In composition ratio x is changed 
continuously such that it forms a parabolic profile 
whose maximum value (peak) is positioned at the 
center of the layer thickness of the graded channel 
layer 3, as indicated by a solid line in FIG.4A, or 
it forms the parabolic profile whose maximum value 
is positioned at the position deviated from the 
center in the graded channel layer 3, as indicated 
by a dot-dash line in FIG.4A. The maximum value of 
the composition ratio x is not limited, but it may 
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be set to 0.8 to 1.0 or 0.8^x<l, for example. 

In the case that the peak of the In composition 
ratio x of the graded channel layer 3 is positioned 
at the center of the layer thickness and the 
impurity concentration is set uniformly, an energy 
band gap of the graded channel layer 3 and its 
periphery becomes smallest at the center of the 
graded channel layer 3, as shown in FIG.4B. 

Also, a carrier (electron) concentration in the 
graded channel layer 3 has a distribution whose 
maximum value (peak) is positioned at the center of 
the graded channel layer 3, as indicated by a solid 
line in FIG. 5, or a distribution whose maximum value 
(peak) is positioned at the position deviated from 
the center, as indicated by a dot-dash line in FIG. 5. 
The distribution of the carrier density can be 
adjusted by not only an indium mixed-crystal ratio 
distribution in the graded channel layer 3 but also 
an amount of doped impurity in the graded channel 
layer 3 . 

Accordingly, the peak position of the carrier 
density distribution is not always set to coincide 
with the peak position of the indium mixed-crystal 
ratio distribution. 

A necessary shift length (cm) of the carrier 
density peak from the center position of the layer 
thickness in the graded channel layer 3 can be 



calculated by a following equation (1). 

a= ( 2 £ V p /qN da ) 1/2 - ( 2 £ V p /qN dp ) 1/2 ( 1 ) 

In the equation (1), £ is the dielectric 
constant, V p is the pinch-off voltage, q is the 
charge amount of electron, N da is the average carrier 
density of the distortion layer, and N dp is the peak 
carrier density. Here, £ =12.85+1.64x (x is the 
indium mixed-crystal ratio), and q=1.6Xio 

The barrier layer 4 made of undoped GaAs or n- 
type GaAs is formed on such graded channel layer 3, 
and a gate electrode 5 made of tungsten (W) or 
tungsten silicide (WSi) is formed thereon. The gate 
electrode 5 comes into Schottky- contact with the 
barrier layer 4, and the depletion layer extends 
into the graded channel layer 3 from the contact 
portion. A depth of the depletion layer can be 
changed by changing the voltage value applied to the 
gate electrode 5 . 

Also, high concentration impurity regions 6s, 
6d are formed on the barrier layer 4 in both sides 
of the gate electrode 5 by the impurity thermal 
diffusing method or the ion implantation method. 
Then, a source electrode 7 s is formed on one high 
concentration impurity region 6s, while a drain 
electrode 7d is formed on the other high 
concentration impurity region 6d. Each of the 
source electrode 7s and the drain electrode 7d is 
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constructed as a triple -layered structure that is 
formed by laminating a gold germanium layer, a 
nickel layer, and a gold layer in sequence from the 
bottom. The source electrode 7 s and the drain 
electrode 7d is ohmic -connected to the barrier layer 
4. 

Respective layers from the buffer layer 2 to 
the channel barrier layer 4 may be formed by the 
molecular-beam epitaxial crystal growth method, the 
MOCVD method, etc., for example. 

Then, the graded channel layer 3 is to be grown, 
the indium mixed-crystal ratio distribution that is 
changed continuously, as shown in FIG.4A, is 
obtained by gradually changing an indium irradiation 
amount or an indium source gas (for example 
trimethylindium) flow rate. The dosage of silicon 
in the graded channel layer 3 is controlled by 
changing the amount of the silicon irradiation or by 
changing the gas flow rate of silicon source gas 
(for example silane). 

In the MESFET having the above structure, when 
the relationship between the gate voltage V g and the 
mutual conductance g m was examined experimentally, a 
V g -g ra characteristic curve I indicated by a solid 
line in FIG. 6 was obtained. In FIG. 6, a broken line 
shows a V g -g m characteristic curve II of the MESFET 
shown in FIG.1A in the prior art. 
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In FIG. 6, in the V g -g ra characteristic curve I of 
the present invention, a substantially flat area A 
appears in the maximum value g ml of the mutual 
conductance g m . In order to generate such flat area 
A, it is important to control the changes of the 
indium mixed-crystal ratio and the carrier density. 

If the V g -g ra characteristic curve I of the 
present invention and the V g -g ra characteristic curve 
II in the prior art are compared with each other, 
there are following differences in addition to the 
difference that the maximum value of the mutual 
conductance is flat or acute. 

A difference between a low value and a high 
value of V g that enable to get a 80 % value of the 
maximum value g ml of the V g -g m characteristic curve I 
according to the MESFET of the present invention is 
assumed as A V gl , and a difference between a low 
value and a high value of V g that enable to get the 
80 % value of the maximum value g ra2 of the V g -g m 
characteristic curve II according to the MESFET in 
the prior art is assumed as Av g2 . Then, if these 
differences are compared with each other, A V gi is 
about three times Av g2 , and the mutual conductance 
of the MESFET of the present invention is changed 
gently and stably rather than the prior art . 
According to the present invention, A V gl can be 
enhanced up to about five times of Av g2 by adjusting 



the impurity concentration distribution, the indium 
mixed-crystal ratio, etc. 

Also, according to FIG. 6, it can be found that 
the maximum value g ml of the V g -g m characteristic 
curve I of the present invention can be increased 
larger than the maximum value g m2 of the V g -g m 
characteristic curve II in the prior art. 

As a result, according to the MESFET of the 
present invention, a change amount of the mutual 
conductance is small even when the fluctuation or 
change of the gate voltage occurs, and thus the gain 
and the maximum oscillation frequency are increased 
and become stable. As a result, it is possible to 
get the stable transistor operation. 

Meanwhile, when a relationship between the gate 
voltage V g and a gate current I g was examined in both 
cases where the peak of the carrier density in the 
graded channel layer 3 in the layer thickness 
direction is positioned at the center of the layer 
thickness and where the peak of the carrier density 
is shifted toward the GaAs substrate 1 side from the 
center, as shown in FIG. 5, curves III and IV shown 
in FIG. 7 were obtained. That is, in the MESFET 
having the graded channel layer 3 in which the peak 
of the carrier density is positioned at the center 
of the layer thickness, as indicated by a solid line 
in FIG. 5, a first V g -I g curve III was obtained. Also, 



in the MESFET having the graded channel layer 3 in 
which the peak of the carrier density is shifted 
toward the GaAs substrate 1 side from the center of 
the layer thickness, as indicated by a broken line 
in FIG. 5, a second V g -I g curve IV was obtained. 

According to FIG. 7, it is found that the gate 
voltage value at a rising point of the gate current 
in the second V g -I g curve IV becomes larger than that 
in the first V g -I g curve III at and thus the 
breakdown voltage is enhanced. 

If the peak of the carrier density distribution 
is set close to the GaAs substrate 1 from the center 
of the layer thickness of the channel layer 3, the 
distance between the surface depletion layer and the 
peak position of the carrier density is controlled 
to be separated much more, and thus the electric 
field concentration caused on the drain end side 
under the gate electrode 5 can be relaxed. 
Therefore, the breakdown voltage of the graded 
channel layer 3 can be enhanced. 

In this case, the magnitude of the average 
value of the carrier density in the graded channel 
layer 3 is set to get the necessary current. 

In the above graded channel layer 3, since the 
distribution of indium is gradually changed, crystal 
distortion is relaxed and thus the high electron 
mobility can be assured. Also, the carrier density 



to get the sufficient current can be assured. In 
addition, since an undoped layer is not interposed 
in the graded channel layer 3, the increase of the 
source resistance can be suppressed and also the 
higher maximum value of the mutual conductance can 
be obtained. Further, since the sudden increase/ 
decrease of the carrier density can be suppressed in 
the graded channel layer 3 even if the variation of 
the gate voltage is caused, the flat and stable 
mutual conductance can be obtained. 

As described above, according to the MESFET of 
the first embodiment, the maximum mutual conductance 
can be set higher not to sacrifice the transistor 
characteristics, and also the change of the mutual 
conductance in response to the gate voltage becomes 
gentle . 

(Second Embodiment) 

The MESFET having the structure in which the 
indium mixed-crystal ratio distribution and the 
carrier density in the InGaAs channel layer are 
gradually changed is not limited to the example 
shown in FIG. 3. 

For example, the present invention may be 
applied to a MESFET having a recess structure as 
shown in FIG. 8. 

In FIG. 8, like the first embodiment, the buffer 
layer 2 made of GaAs , the graded channel layer 3 



made of InxGa^As, and the barrier layer 4 made of 
undoped GaAs or n-type GaAs are formed in sequence 
on the semi-insulating GaAs substrate 1. In 
addition, an AlGaAs layer 11 is formed as an etching 
stopper layer on the barrier layer 4 , and then a 
contact layer 12 made of high impurity concentration 
n + -type GaAs is formed thereon. 

A concave portion 12a is formed on a gate 
electrode forming portion in the contact layer 12 
and the AlGaAs layer 11 by the etching. If the 
etchant that makes the selective etching of the 
AlGaAs layer 11 possible is employed in etching the 
contact layer 12 and the etchant that makes the 
selective etching of the GaAs barrier layer 4 
possible is employed in etching the AlGaAs layer 11, 
the etching controllability of the contact layer 12 
and the barrier layer 4 can be improved. 

After the concave portion 12a is formed in such 
manner, a gate electrode 5 made of W or WSi is 
formed on the barrier layer 4 via the concave 
portion 12a. Then, a source electrode 7s and a 
drain electrode 7d made of ohmic alloy are formed on 
the contact layer 12 on both sides of the gate 
electrode 5 respectively. 

In the MESFET having such structure, like the 
first embodiment, if the indium mixed-crystal ratio 
distribution in the InGaAs layer constituting the 



graded channel layer 3 is controlled as shown in 
FIG.4A and the carrier density distribution in the 
graded channel layer 3 is controlled as shown in 
FIG. 5, it is possible to enhance the maximum mutual 
conductance and to render the change in the mutual 
conductance gentle as a function of the gate voltage 
rather than the MESFET of the prior art. 
(Other Embodiment) 

In the above embodiments, the graded channel 
layer formed over the GaAs substrate is formed of 
the InGaAs layer, but such graded channel layer may 
be formed of a GaAsSb layer or an InGaSb layer. If 
the GaAsSb layer is employed, an antimony (Sb) 
mixed-crystal ratio distribution is formed in the 
same way as the indium shown in FIG.4A. If the 
InGaSb layer is employed, the indium is distributed 
in the same way as FIG.4A. 

Also, although the GaAs substrate is employed in 
the above embodiments, other compound semiconductor 
substrate may be employed. For example, if a InP 
substrate is employed, an InAsP layer, a GaAsSb 
layer, an InPSb layer, or the like is formed as the 
graded layer that is formed on the substrate. If 
the InAsP layer is employed, an arsenic (As) mixed- 
crystal ratio distribution is formed in the same way 
as the indium shown in FIG.4A. Also, if the GaAsSb 
layer or the InPSb layer is employed, an antimony 



(Sb) mixed -crystal ratio distribution is formed in 
the same way as the indium shown in FIG.4A. 

In other words, out of a group III-V 
semiconductor layer constituting the channel layer. 
In, etc. as well as Ga may be employed as the group 
III element and also P or Sb as well as As may be 
employed as the group V element. 

It is preferable that the mixed-crystal ratio 
should be changed as shown in FIG.4A, for example, 
by including the element in which difference A Ec in 
the conduction band can be set large in contrast to 
the compound semiconductor substrate material, i.e., 
the element that can reduce the energy band gap, 
into the channel layer. 

As described above, according to the present 
invention, the channel layer is formed of the 
compound semiconductor that contains the element to 
reduce the conduction band energy lower than the 
substrate material and the mixed- crystal ratio of 
this element is changed like the parabolic profile 
along the layer thickness direction. Therefore, 
even if the change of the gate voltage such as the 
fluctuation, the reduction, etc. is caused, the 
sudden increase/decrease of the carrier density in 
the channel layer can be suppressed and also the 
mutual conductance that is higher and more stable 
than the prior art can be obtained. 
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Also, the peak of the carrier density 
distribution in the channel layer is shifted toward 
the substrate side from the center of the film 
thickness of the channel layer. Therefore, the 
distance between the depletion layer generated in 
the barrier layer on the channel layer and the peak 
of the carrier density distribution can be adjusted, 
and also the breakdown voltage characteristic under 
the gate electrode can be improved. 



